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SUMMARY

The incidence of extrapulmonary tuberculosis is increasing, possibly due to the high frequency of
co-infection with HIV. Extrapulmonary infections complicate diagnosis, have higher mortality
rates and are more difficult to treat. Insight into the mechanisms involved in extrapulmonary
spread of tuberculosis is critical to improving management. We set out to better understand
extrapulmonary spread Kinetics in mice and guinea pigs as well as the effects of infectious dose.
We found that extrapulmonary spread occurs at a discrete time point when infected by low-dose
aerosol, but at high-dose aerosol it occurs within the first 24 h. The ability to follow tuberculosis
in real-time during infection would allow us to better address the mechanisms involved. We found
that mycobacteria can be optically imaged after pulmonary infection in the mouse lung, suggesting
that this technology could be applied to study of extrapulmonary spread of tuberculosis.
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Extrapulmonary tuberculosis occurs in 5-20% of all tuberculosis cases, making it a
relatively frequent complication of disease.3 In children from birth to 4 years old
tuberculosis nearly always becomes extrapulmonary and has high mortality rates.*” The
immunological status of the host can impact the ability of Mycobacterium tuberculosis
(Mtb) to cause extrapulmonary disease.38-10 Children, in particular, are more susceptible to
tuberculosis and often develop the extrapulmonary form.11-13 This includes miliary
tuberculosis that has a very high mortality rate in children (15-20%) and adults (25—
30%).14-24 Since miliary tuberculosis will arise in 8% of all extrapulmonary cases of
tuberculosis, 24 the rising frequency of extrapulmonary tuberculosis is of great concern.
Extended therapy is recommended to prevent relapse, suggesting that extrapulmonary
tuberculosis is more difficult to treat than pulmonary tuberculosis.
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It has been suggested that there is no distinct time point for extrapulmonary spread of
tuberculosis in mice, since Mtb is found in multiple organs from the first few days after
infection by aerosol.2526 However, this observation is not consistent with data suggesting
that extrapulmonary spread can occur at discrete time points in certain strains of mice.2”
Since extrapulmonary spread is thought to occur at around two weeks post-infection in
human tuberculosis,?8-31 we were curious whether there were differences in the kinetics in
mice as opposed to other animal models. To address this question, we carried out a direct
comparison of the kinetics of dissemination in mice and guinea pigs (GP). We found that in
both mice and GP dissemination occurs between 3 and 14 days post-infection (Fig. 1).
Although it appears that extrapulmonary spread occurs somewhat earlier in GP, they were
infected with approximately four-fold higher numbers of bacteria than mice, accounting for
this difference in CFU in the spleen at seven days. Overall, the kinetics of extrapulmonary
spread are comparable in both animal models, suggesting that extrapulmonary spread occurs
through a similar mechanism in both mice and guinea pigs.

It is possible that the controversy regarding whether extrapulmonary spread occurs at a
discrete time point in mice arises from differences in the experimental conditions used. One
parameter that might impact the kinetics of extrapulmonary spread is the initial infectious
dose. We infected mice and guinea pigs with between 100 and 10% CFU of tuberculosis by
aerosol and examined whether extrapulmonary spread had occurred at day one post-
infection. Since dissemination after low-dose aerosol occurs at around the same point in
mice, guinea pigs and humans, between 8 and 14 days post-infection, we were surprised to
find that at bacterial doses above 10% CFU in the lung, bacteria can be found in the spleen at
24 h post-infection (Fig. 2). These observations suggest that infecting with high numbers of
bacilli by aerosol circumvents the normal route of extrapulmonary spread through the
draining lymph nodes, entry into the thoracic duct and then the blood stream, but might
allow direct entry into the blood stream through the alveolar epithelial barrier or via
inappropriate sites other than the lung, such as the upper airways or gastrointestinal system.
Regardless of the mechanism, these data argue that infecting mice and guinea pigs by
aerosol with numbers of bacilli greater than 103 CFU leads to more rapid extrapulmonary
spread. More rapid extrapulmonary spread could be due to several potential mechanisms,
including greater cytopathology in the respiratory epithelium leading to increased
permeability, increased access to normally uncommon portals of entry in the gastrointestinal
system or upper airways, more efficient access to relatively rare cell types involved in
spread, or an increased likelihood of bacteria being primed for extrapulmonary spread.

Our data suggest that it would be extremely difficult under normal circumstances to follow
Mtb throughout the process of extrapulmonary spread, since it is necessary to infect with
less than 10% CFU to ensure that normal kinetics are observed. In order to better track
tuberculosis during infections, we constructed green and red fluorescent protein expressing
tuberculosis strains using EGFP and tdTomato.32:33 Although EGFP and tdTomato allowed
detection of less than 10* bacteria in vitro (Fig. 3), tdTomato displays higher levels of
fluorescence and has a lower threshold of detection (P < 0.01 by two-way ANOVA),
approximately ten-fold. These observations suggest that tdTomato will serve as a superior
marker for tuberculosis during infection in mice due to its greater fluorescence intensity. In
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addition, we assumed that the longer wavelength of tdTomato (Ex: 554, Em: 581) as
compared to EGFP (Ex: 484, Em: 510) would have significant advantages for in vivo
imaging because the long emission tail, going out to nearly 700 nm, of tdTomato would
avoid the light-absorbing activity of hemoglobin seen at wavelengths below 600 nm.34

In order to test this hypothesis, we evaluated tuberculosis strains expressing EGFP and
tdTomato for fluorescence by in vivo imaging using an VIS Spectrum (Caliper/Xenogen) in
live mice (Balb/c). We inoculated various numbers of tuberculosis bacilli from 107 to 104
CFU subcutaneously that express EGFP and tdTomato along the dorsal surface of mice. We
found that EGFP could be detected after subcutaneous inoculation at 10’ CFU, but lower
numbers were not detectable. In contrast, tdTomato allowed detection of bacteria at 10°
CFU (data not shown). These observations suggest that we could detect mycobacteria after
pulmonary infection. We infected mice intranasally with approximately 108 M. bovis BCG
expressing EGFP and tdTomato and imaged the living animals using the IVIS Spectrum. We
found that mice infected with mycobacteria expressing tdTomato display approximately
three- to four-fold higher fluorescence under tdTomato imaging conditions than mice
infected with bacteria that carry vector alone (Fig. 4). However, no fluorescent signal was
detected in mice infected with mycobacteria expressing EGFP above that of mice infected
with bacteria that carry vector alone under EGFP imaging conditions.

These observations are exciting because they suggest, for the first time, that tuberculosis can
be imaged after pulmonary infection directly in living mice. One caveat of the current
imaging method is that it requires higher numbers of bacteria to be present (10°) in the lung
than would allow observation of physiologically normal extrapulmonary spread (<10%).
However, we are in the process of optimizing codon usage, ribosomal binding sites and
promoter used for expression of fluorescent proteins with the expectation that we can
significantly improve upon our current threshold of detection. Regardless of whether we can
greatly improve the sensitivity of fluorescent proteins for imaging tuberculosis, they serve
an important purpose as a secondary marker for optical imaging due to their great stability,
allowing bacteria to be readily observed in fixed tissues. We envision that, ultimately,
fluorescent proteins will be an important component of emerging dual- and triple-optical
imaging approaches that will use other luminescent and/or fluorescent strategies to first
identify and quantify infection of tissues followed by cellular and ultrastructural localization
of the bacilli within the tissues with fluorescent proteins, allowing a level of detailed
analysis of disease processes not previously possible.
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Fig. 1.
Kinetics of extrapulmonary spread of tuberculosis over the first 28 days post-infection in (A)

mice and (B) guinea pigs infected with approximately 100 colony-forming units (CFU) by
aerosol. In both mice and guinea pigs, bacteria first spread from the lungs to the spleen at
between three and fourteen days post-infection. The kinetics of extrapulmonary spread of
tuberculosis in mice and guinea pigs are very similar. Data shown are the means and
standard deviations of five animals per group.
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Fig. 2.
Effects of M. tuberculosis aerosol infectious dose from approximately 100 to 10° colony-

forming units (CFU) on the number of bacteria that spread to the spleen by day one post-
infection in (A) mice and (B) guinea pigs. Aerosol infection with more than 10,000 CFU
results in early extrapulmonary spread of tuberculosis to the spleen in both mice and guinea
pigs. Data shown are the means and standard deviations of five animals per group.
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Fig. 3.
Threshold of detection for tuberculosis expressing EGFP and tdTomato fluorescence

proteins and correlation with colony-forming units (CFU). Data shown are the means and
standard deviations of a representative experiment done in triplicate. Data points below
background were corrected to one so that they could be plotted on a log scale.
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Fig. 4.

Fluorescence emission in photons/second/square cm/surface area (p/s/cm?/sr) of mice
infected intranasally to deliver approximately 10> mycobacteria into the lungs. Bacteria
carry either the vector backbone, vector expressing EGFP (EGFP) or vector expressing
tdTomato (tdTomato). The color bar to the right of images applies to both images in a row
and displays the colorized intensity of fluorescence emission from each animal under the
excitation (Ex) conditions shown to the right of each row of images by transillumination
with spectral unmixing over the wavelength range shown for emission (Em). Imaging was
carried out using the IVIS Spectrum (Caliper/Xenogen) and Livinglmage Software provided
by the manufacturer. All images were captured under the same conditions and analyzed in
an identical fashion, except that the final fluorescence scales for tdTomato and EGFP were
set differently due to their different optical properties.
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